Abstract. In the recent development of a new process of electro-carburisation of mild steel in 800 °C molten carbonate based salts, further investigation has been carried out to study the effects of the cooling rate after the electro-carburisation process. In the process, the mild steel to be carburised was made the cathode and an inert SnO 2 as anode. Salt mixture of Na 2 CO 3 -NaCl (mole ratio 4:1) was used as the electrolyte, and the process was carried out at voltage range of 1.0 to 2.5 V for 60 minutes, and thereafter cooled at certain rate. As revealed by the optical microscopy, the microstructural changes in samples that have been electro-carburised and thereafter cooled either rapidly or naturally in air, were featured by the increase of the carbon rich in the martensite structure at the expense of the original ferrite phase near the surface of the samples. Micro-hardness profiles measured from the surface to the centre of the electro-carburised sample presented clear evidence of carbon penetration as a function of the electrolysis voltage, and significant effects of cooling rate after the electro-carburisation process.
Introduction
Conventional carburisation processes such as those involving the use of molten cyanide bath can result in the production of various toxic wastes [1] . Replacement of the toxic cyanide by the carbonate in the molten salt carburisation was the objective of few patents [2] [3] [4] . In steel carburisation, carbon atoms diffuse inward from the metal's surface and increase the carbon content in the near surface region of the metal and thus the surface hardness [5] . This process is non-toxic, environmental friendly, cheaper and effective for upgrading the performance of cheaper metal components.
The recently developed electro-carburisation process was carried out with an electrolysis process in carbonate based molten salts in CO 2 atmosphere, under controlled voltage, and using mild steel cathode as sample, and an inert compound SnO 2 as anode. The mechanism of the electrocarburisation process on the mild steel cathode and inert anode has been described in detail in reference [6] . During electro-carburisation, the molten salts temperature was set to 800 °C to transform iron from the BCC (body-centred cubic) structure to the FCC (face-centred cubic) structure which is also known as austenite. When steel is cooled from a high temperature, austenite transforms into other phase configurations depending on the rate of cooling and the austenite composition (which refers to the amount of carbon in the iron). In this work, samples were quenched after the carburisation process to lock the carbon dissolved in the iron lattice. In order to investigate the quenching effect more thoroughly, comparisons were made with the samples cooled naturally in air.
Experimental
The experimental procedures were described in details in authors' journal [6] and described briefly as follows; Na 2 CO 3 -NaCl mixture (4:1 mole ratio; ≥ 99.0 % purity; Fisher Sci.) were used as electrolyte. A mild steel rod (0.1~0.2 C wt.%; 5 mm diam., Unicorn Metals) was made the cathode (sample) and an ELR SnO 2 rod (98.5 % purity; 10 mm diam.; 300 mm length, Dyson Industries Ltd.) was used as the inert anode [8] [9] . The electro-carburisation process was carried out under constant voltage control, for 60 minutes at 800 °C in a stainless steel sealed tube reactor, with continuous purged of CO 2 (200 mL min −1 flow rate). After the electro-carburisation process, the cleaned cathode rod was cut to 10 mm length, and placed vertically to expose the cross section of the mild steel rod and embedded inside epoxy resin. Samples were then ground and polished using STRUERS Rotopol-1, and afterward etched using the 2 % Nital solution for 2 minutes to reveal the microstructure [10] . Samples were then examined at 200 to 500x magnifications by optical microscopy (LEITZ ORTHOPLAN polarising light microscope equipped with the ZEISS AxioVision imaging software & the AxioCam CCD camera) for qualitative identification. The hardness profile was determined by the changes of Vickers micro-hardness (MHT-1 Matsuzama Seiki Company Ltd.) from the surface towards the core of the sample, using a 1 kg load (F) and 10 sec indentation period.
Results and Discussion
In this work, samples were electro-carburised at 800 ºC in Na 2 CO 3 -NaCl molten salt, at voltage range of 1.0 to 2.5 V for 60 minutes, and subsequently cooled rapidly in water or naturally in air. The changes in microstructure and hardness for samples cooled at different rate after the electrocarburisation process were investigated and describe below.
Microstructural analysis produced optical micrograph that showed the changes in carbon content upon successful electro-carburisation. Two distinct phases were visible that should be respectively the carbon mean ferrite (brighter region) and martensite structure containing rich carbon (darker region) [6] . These phases were visible in samples that were rapidly cooled after the electrocarburisation at 1.0 V (Fig.1a ) and 1.5 V (Fig.1b) . It is clearly seen that the 1.5 V sample contained more carbon than the 1.0 V sample. At 2.0 V (Fig.1c) darker region appeared more in the sample, suggesting enhanced carburisation and growth of carbon. Further voltage increment to 2.5 V (Fig.1d) led to the dominance of carbon rich region in the sample with almost no sign of isolated ferrite phases which is strong evidence for a greater degree of carburisation. The availability of carbon atom for carburisation process was depended on the voltage applied [6] .
In comparison to the as-received mild steel sample (Fig. 2a) , a noticeable growth of dark phases (carbon rich) on the grain boundaries can be seen on samples electro-carburised at cell voltages of 1.0 (Fig. 2b ) and 1.5 V (Fig. 2c) and thereafter cooled naturally in air. When cell voltages of 2.0 and 2.5 V were applied, an obvious dark region measuring ~1.08 mm (2.0 V; Fig. 2d ) and ~2.69 mm Fig. 2e ) from the surface was observed in the samples. The characteristic of this dark region changed with the procedure for cooling. In samples that were quenched after being heavily carburised ( Fig.1c to d) , the concentration of dark regions decreased gradually towards the core. However, in naturally air-cooled samples, two clearly distinguished regions were observed with a defined boundary ( Fig. 2d and e) . The microstructures beyond the dark regions were similar to the samples electro-carburised in Na 2 CO 3 -NaCl salts at cell voltages of 1.0 and 1.5 V.
During electro-carburisation, carbon atoms that are interstitially present in the crystal lattice of iron can cause internal straining, resulting hardness increment. Vickers micro-hardness measurements taken from surface towards the core on the cross-section of the steel rod sample produced hardness profile of samples. Fig. 3 shows the hardness profile of samples electrocarburised at 1.0 to 2.5 V and subsequently cooled at rapid and slow rate.
It is noticeable that except for the two plots of the samples electrolysed at 1.0 and 1.5 V, the electro-carburised samples exhibited greater hardness near the surface than in the core region. The surface region showed a general trend of the hardness becoming greater at higher voltages. However, all electro-carburised samples had almost the same hardness in the core region, which can be interpreted by the carbon atoms being unable to diffuse to the core in the 60 minutes electrolysis period. These changes in hardness confirm carbon enrichment near the surface of the electrocarburised sample, and the benefit of increasing voltage for enhanced electro-carburisation. Sample electrolysed at high voltage (2.5 V) and subsequently quenched display a hardness plateau near the surface with the Vickers hardness value varying between 1050 and 1100 HV. The hardness plateau near the surface was a reflection of saturated carbon that dissolved in the treated mild steel. Fig. 3 : Vickers micro-hardness as a function of distance from the surface measured on the cross section of mild steel that was electro-carburised in a molten mixture of Na 2 CO 3 -NaCl (4:1 mole ratio) at 800 °C for 60 minutes, and subsequently cooled rapidly in water and cooled naturally in air. Data in the figure were from three parallel measurements for each sample. 
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Similar to the as-received mild steel, the quenched and naturally cooled samples (electrolysed at 1.0 and 1.5 V), are showing a flat hardness profiles (Fig. 3) . The average hardness values as measured within a depth of 1.0 mm for the as-received mild steel and the electrolysed samples are listed in Table 1 . It is obvious that the quenched samples is showing higher average hardness value, while slow cooled samples is showing lower average hardness value compared to the as-received mild steel. The increased and reduced of these average hardness value were resulted from the heating and cooling effects, instead of the effects of electro-carburisation process. This is evident by the consistent increased or reduced hardness value measured at core regions (Fig. 3) . When samples electrolysed at 800 o C, which the temperature is higher than the α to γ transformation temperature of the carbon steel, the carbon atoms in the austenite phase were unable to redistribute uniformly in the ferrite phase formed during cooling, leading to the well-known phenomenon of quenching, or martensitic transformation. Samples that cooled at slow rate had enough time for structural rearrangement, where the carbon atoms have time to migrate to separate "layers" in the microstructure and to form the structure called pearlite. The ferrite in this mixture is soft and ductile.
Conclusion
The microstructure analysis and hardness profiles that were produced by plots of Vickers microhardness versus the distance from surface have demonstrated the effects of cooling rate after the electro-carburisation process of mild steel in Na 2 CO 3 -NaCl mixture at 800 °C for 60 minutes. A significant difference was found between quenched samples and those naturally cooled in air, where an obvious increment of hardness was observed when samples were cooled rapidly. The hardness in surface region showed that the hardness becoming greater at higher voltages. A substantial reduction in hardness was observed when samples were cooled naturally in air, even after electrocarburised at high voltages (2.0 and 2.5 V). This was due to the development of larger grains which are physically softer and more malleable.
